Introduction
Electrochemical double-layer capacitors (EDLCs), or supercapacitors, are energy storage devices that can deliver charge at high rates, typically discharging over a few milliseconds up to several minutes. [1] [2] [3] [4] The main difference between EDLCs and batteries is their charge storage mechanism; where batteries store energy through electrochemical reactions, EDLCs rely on the electrostatic interaction between electrode surfaces and electrolyte ions, i.e. the double-layer. 4 Consequently, batteries can store substantially more charge than EDLCs, whereas EDLCs can supply charge at rates that cannot be safely delivered by batteries. As no structural changes occur during cycling, the cycle life of EDLCs are substantially greater than batteries, often reported as being in excess of 100 000 cycles. Currently available EDLCs are typically composed of two activated carbon (AC) electrodes and an electrolyte based on tetraethylammonium tetrafluoroborate (TEABF 4 ) in propylene carbonate (PC) or acetonitrile (ACN). ACs generally possess an active surface area greater than 1000 m 2 g À1 and organic
solvents can yield electrolytes with high ionic conductivity. [5] [6] [7] [8] [9] However, the low electrochemical stability of the organic solvent limits the operating voltage to around 2.5-2.7 V. 2, 10 The maximum operating voltage, or electrochemical stability window (ESW), is a crucial parameter in the design of high energy devices, since E = 1/2 CV 2 , where C is the cell capacitance (F g À1 ) and V is the operating voltage (V). Therefore, the search for new electrolytes is driven by the need for higher energy EDLCs. [11] [12] [13] [14] Ionic liquids (ILs) are a class of material that has been extensively studied and are considered as an alternative to organic solvent-based electrolytes in energy storage devices, not only due to their intrinsic ionic conductivity but also due to their high chemical and thermal stability, non-flammability, negligible vapour pressure, high electrochemical stability and they can be considered to be less hazardous than organic solvent-based electrolytes. [15] [16] [17] [18] ILs are salts that normally contain an asymmetric cation and an anion with delocalised charge, which results in weak ionic interactions. Conventionally, salts that display a melting temperature lower than 100 1C are considered to be ILs. 19, 20 For applications in energy storage devices, the IL N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)-imide ([Pyr 1, 4 Density and viscosity were measured using a thermoregulated digital densimeter/viscometer (SVM 3000, Anton Paar K.G.). Ionic conductivity at a range of temperatures was determined using the impedance method with a Modulab XCM (Solartron) over a frequency range from 100 kHz to 10 mHz in an environmental chamber (Maccor MTC-010). Roughly 0.5 mL of liquid was sealed in a BioLogic HTC cell, containing parallel platinised Pt plates, in an Ar-filled glovebox. The cell constant of 1.0 was confirmed with a KCl standard solution.
Electrodes were prepared using AC (S BET = 1930 m 2 g À1 ),
conductive carbon black (Super C45, Imerysys G&C) and polymer binder (Teflon 30-N, Alfa Aesar). The components were mixed in a ratio of 80-10-10 (by mass) in ethanol until a dough like consistency was observed. The mixture was then rolled to the desired thickness and punched into 12 mm diameter discs. Electrodes were dried overnight under vacuum at 80 1C before cell assembly. The mass loading ranged from 1.0 to 4.5 mg cm
À2
, with thicknesses ranging from 50 to 300 mm.
Coin cells (2016) were assembled using stainless steel spacers, carbon electrodes, and a glass fibre separator (GF/F, Whatman) soaked with the IL under study. The cells were kept in the glovebox anti-chamber under vacuum for at least five minutes at ca. 50 1C to improve electrolyte impregnation into electrodes. Cells were crimped inside the glovebox.
The ESW of each IL was determined using a Solartron Analytical 1470E Multichannel Potentiostat/Galvanostat. Cyclic voltammetry (CV) was carried out on cells with five initial cycles at 5 mV s À1 between 0 and 0.5 V (vs. OCP). Four subsequent cycles were performed before the CV window was increased in 0.1 V steps up to 2.5 V, performing four cycles with each increment. The same procedure was run on a fresh cell to determine the negative stability, however in this case initial cycling was between 0 and À1.0 V (vs. OCP), with 0.1 V increments recorded until À3.0 V. The quantities of charge passed during the charge (q charge ) and discharge (q discharge ) processes were calculated by the integration of current over time. The difference of charge (Dq = q discharge À q charge ) is a measure of coulombic efficiency, with a value of zero representing a fully reversible process. A sharp increase in Dq vs. E indicates that faradaic reactions related to the decomposition of electrolyte has occurred. Therefore, the sum of the potential windows before these sharp increases for the positive and negative scans represents the ESW of the IL. Cyclic voltammetry was also performed on cells using the set up described above from 0 V to the determined ESW at different scanrates. Cells were also cycled galvanostatically at different rates from 0.5 to 10 A g À1 , using a Maccor 4000 M. EIS was View Article Online performed at OCP using a Modulab XCM (Solartron). A 10 mV perturbation in the frequency range of 100 kHz to 10 mHz was used. All experiments were carried out at 25 1C in environmental chambers unless otherwise stated. Specific capacitance was calculated from CV considering the charge delivered during discharge as shown in eqn (1):
where
and m (g) are specific capacitance, current, time, operating voltage and active mass of both electrodes, respectively. From the galvanostatic measurements, capacitance was calculated from the slope of the discharge curve (dV/dt) after any iR-drop as shown in eqn (2):
Capacitance was also calculated from the EIS measurement from eqn (3):
where f (Hz) is the perturbation frequency, 10 mHz, Z imag (O) is the imaginary component of the impedance at this frequency. Specific energy, E specific (W h kg À1 ), and specific power, P specific
), were calculated from the galvanostatic experiments over the discharge time, t d (s), considering both electrode active mass m (kg) as shown in eqn (4) and (5):
Results and discussion
Thermoanalyses and physicochemical properties 3 ] possesses a density lower than 1.0 g cm À3 at temperatures in excess of 40 1C. Generally, the anion has a greater impact in the ILs density than the cation. But the small differences among the 3 ] due to its larger cation size, which hampers its movement. When ionic conductivity and fluidity (reciprocal viscosity) are expressed in the form of a Walden plot (Fig. S1 in ESI †) , the ''ionicity'' of the ILs can be compared. This is related to how free the ions are to transport charge because they may form aggregates, diminishing the concentration of charge. In Walden plot this is evidenced by the extent of the deviation of ionic conductivity from the ideal value to that specific liquid fluidity. 37 3 ] ionic conductivity is presented in Fig. 3c , the narrower temperature range studied (limited by its relatively View Article Online high melting temperature) generates less reliable values. It is worth noting that liquid fragility classification is often made near the glass transition temperature, and deviation of the fit over an extended temperature range needs to be considered. 40 A summary of the physicochemical properties of ILs at 25 1C is included in Table 1 .
Electrochemical double-layer capacitor performance
To obtain the highest energy density possible that each IL can deliver, it is important to determine the widest reliable operating potential of the devices, considering the electrolyte and electrode materials employed. The ESW of the ILs was determined using a method described elsewhere. 24 In summary, positive and negative limits are determined separately, using fresh cells, by conducting cyclic voltammetry at 5 mV s
À1
. Each cell has a working electrode with the same composition as used in the EDLC, and a counter electrode with at least 20 times more active material than the working electrode. After pre-conditioning the cells with five cycles to 0.5 V, for positive or À1.0 V for the negative determination, the voltage window was increased by 0.1 V and then four cycles were performed. The window was increased in 0.1 V increments up to values of 2.5 and À3.0 V, for positive and negative determination, respectively. The difference of charge (Dq, C g À1 ) between the charge and discharge processes was calculated for each electrochemical window, and is presented in Fig. 4a ; an increase in Dq signifies a less efficient charge-discharge process, indicating that faradaic reactions occur at the determined voltage. In order to select a positive and a negative limit, the second derivative of Dq was calculated, and the observation of a sharp increase in the value of the second derivative was used to define the operating potential limit. [Im 1, 4 3 ] present the same positive limit of 0.9 V, which is understandable as they share the same anion, and negative limits of À1.8, À2.0 and À2.1 V, respectively. [Im 1, 4 ] is known to be less stable than other cations due to the acidic proton present on the carbon in the aromatic ring. 34 Overall, the determined operating potentials were 2.7, 2.9 and 3.0 V, respectively. Fig. 4b shows CVs over the determined potentials for positive and negative scans; it is evident that there are no faradaic reaction peaks observed over the operating potential range and that they display the profile expected for EDLCs. As the observed positive and negative limits are asymmetrical with respect to the open circuit potential, different quantities of active material on each electrode are needed in order to avoid electrolyte degradation and rapid capacitance reduction. The ratio of the quantity of charge passed during the discharge steps of negative (q À ) and positive (q + ) sweeps was used to calculate the required mass balance between the electrodes, i.e., m + /m À = q À /q + , where m + and m À are the mass of positive and negative electrodes, respectively. This determination was made at different scanrates and the ratio was seen to change slightly with scan rate. The mass balance determined at 100 mV s À1 was used to define the ratio used in the full EDLC cells, since the charge-discharge time is closer to that experienced in cycle life experiments. Therefore, the mass ratios used for [Im 1, 4 3 ] demonstrated the lowest operating potential of the three ILs under study, moreover, EDLCs assembled using this IL as electrolyte did not show sufficiently stable cycling even at this low potential. CVs provided in Fig. S2 (ESI †) show that a high faradaic current is observed when voltage approaches 2.3 V, and a cathodic peak is also observed in the reverse scan, probable due to the products of IL oxidation. The current decreases with subsequent scans, but some faradaic reactions can still be observed. The voltages of positive and negative electrodes were measured separately using a quasi-reference electrode, Pt wire in a Swagelok s -type cell, to understand which electrode operates beyond stability window. In all cycles, the negative electrode displayed a potential greater than À1.8 V (vs. OCP), indicating that early IL degradation may occur in the negative electrode. The hydrogen located at the C-2 position in the imidazole ring is known to present certain acidity, 34 and it may be responsible for this early degradation; alternatively, a different mass ratio may be required for EDLCs using [ Fig. 4b , where the positive scans presented the same capacitance for the three ILs, whereas the negative scans showed slight different capacitances and a relation with viscosity and ions size. EDLCs were also tested using galvanostatic chargedischarge cycling at different rates from 0.5 to 10 A g EIS spectra are illustrated in Fig. 6b , where it is possible to observe a semi-circle obtained at high frequencies, and capacitor-like behaviour at low frequencies. Semi-circles are not normally observed for EDLCs containing organic solvent based electrolytes, since there are no charge transfer processes and pure capacitor behaviour would result in a straight line parallel to the imaginary axis. EDLCs based on IL electrolytes frequently present a semi-circle at high frequencies however the resistance is not associated with any transfer of charge. This behaviour has been attributed to the resistance for the IL ion to access small pores in the electrode and to the rearrangement of these ions inside pores. 24, 41, 42 Fig . 6c shows the high frequency semi-circle in more detail. The first obvious conclusion from these spectra is that the resistance related to the electrolyte ionic conductivity (R s ) is in agreement with results in Fig. 3c ). Characteristics determined from EIS measurements are summarised in Table 2 .
The Ragone plot is shown in Fig. 7a , where the specific energy and specific power, normalised by total active mass, can be observed. . Therefore, the [C(CN) 3 ] IL can store more energy at high power than the [Tf 2 N] IL despite operating at lower potential. It is worth noting that operating at higher specific power than the values showed in Fig. 7a would raise limitations due to the higher 'iR drops' when operating at higher discharge currents.
Finally, the long-term stability of both EDLCs was tested at 2.0 A g À1 , cycling from 0 V to the operating voltage of each device, and it is presented in Fig. 7b . The first 200 cycles show a rapid decay of ca. 4% in specific capacitance for both ILs, however they retain greater than 75% of initial capacitance after 50 000 cycles, indicating relatively stable cycling behaviour. ILs containing the fluorine free tricyanomethanide anion can be used as EDLC electrolytes operating at relatively high voltages (higher than organic solvents but lower than [Tf 2 N] analogues). Due to its increased ionic conductivity, the [C(CN) 3 ]-EDLC can operate at higher power than a [Tf 2 N]-EDLC delivering more energy at the highest rate tested.
Conclusions
In summary, the thermal behaviour of three ILs based in the [C (CN 
